We extend our previous work of splitting a single-species Bose-Einstein condensate in two translating traps to a two-species condensate. Different from the single species case where interaction is considered as a damping mechanism to the motion of the condensate, we find that, in the two species case, the damping effect is much less obvious and the splitting dynamics exhibit different behaviors. The distribution of each component are not damped towards 50:50 for large interaction strength in the two wells. Our conclusions are supported by investigating the dependence of the splitting on both the translation speed and the interspecies scattering length. 
Introduction
The recent achievement of condensing two-species Bose atoms has spurred much interest in theoretical investigations of their stationary properties as well as dynamic properties [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . The two species can refer to the same alkali in two different internal states, two isotopes, or two different alkali. Denoting the two species as 1 and 2, a two-species condensate is characterized by three −wave scattering lengths, i.e. the intra-species 11 , 22 and the inter-species 12 , where is the scattering length between species and . Different from a single-species Bose-Einstein condensate, the properties of a two-species condensate could be strongly affected by the inter-species scattering length 12 . For example, the density profile for a two-species condensate can be continuously changed from interpenetrating phase to separate phase by gradually increasing 12 [1] . Inter-species interaction can also affect the stability of the condensates. It has been shown that large enough 12 can induce instability in the system [4] . Therefore, a two-species condensate exhibits a wealth of phenomena which are absent in a single-species condensate.
One important application of using a Bose-Einstein condensate is in atomic optics, a counterpart to quantum optics and nonlinear optics. For example, a bright BoseEinstein condensate beam is also termed an atom laser. Four-wave mixing, a well-known phenomenon in nonlinear optics, has been observed experimentally using BoseEinstein condensates [15] . For a two-species condensate, the above mentioned instability induced by large 12 resembles the cross-phase modulation in nonlinear optics [16, 17] . All these clearly show the analogy between atomic optics, quantum optics and nonlinear optics. It is then desirable to implement those optical components using laser cooled atoms, e.g. an atomic beam splitter which can split a matter wave controllably. This requires precise control over guiding and transporting atoms. Atomic chips provides a playground for achieving this task due to their tunability over a micron-size structure [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . The combination of laser cooling and chip-scale device fabrication may find interesting applications in areas such as quantum metrology and quantum computation. In previous works, the splitting dynamics for a singlespecies Bose-Einstein condensate in two translating traps has been discussed [31, 32] . It turns out that, for a noninteracting condensate, a controllable splitting can be achieved by changing physical parameters such as trap geometry and translation speed [31, 32] . However, for interacting condensates, it is found that, during the splitting process, the -wave scattering acts as a damping force to the motion of the condensate, which results in an equal splitting in the adiabatically translating regime [32] . In this paper, we consider a scenario where a two-species condensate is subjected to two translating traps with both species initially localized in the left trap. Our setup is similar to that used in Ref. [32] except we are now considering two species. The two traps approach each other, overlap, and then separate again. In general, part of the population will be transferred to another well. This is analogous to a beam splitter, but for two different species. Different from linear quantum optics, the interaction between the two species will have a striking effect on this process. We will investigate this effect in detail in the following discussions.
Theory
The motivation of this paper is to investigate the effect of interaction on splitting a two-species condensate. The splitting of condensates can be controlled by manipulating circuit voltages on atom chips. We assume the temperature to be low enough so that thermal component of the condensate can be neglected. Therefore, we can write down the Hamiltonian of our system
whereψ (r) andψ † (r) are the usual annihilation and creation operators, respectively. H (0) is the single particle Hamiltonian, which is the kinetic energy plus potential energy operator,
where is the atomic mass for species . We assume a uniform translation (with speed ) along the axis and each trap is a Gaussian with height σ and width . Along the and axis, the traps are assumed harmonic. More specifically, the moving trapping potential is written as
( 2 2 ) where ± 0 are the initial positions of the trap minima. The harmonic potential is written as
U (r − r ) describes the interaction between species
and . Assuming a contact potential, it is given by
where = + is the reduced mass of species and .
In the framework of the mean field approximation, we can write the coupled Gross-Pitaevskii equations (GPEs)
Here N is the number of atoms in species . Both wave functions are normalized to unity. we obtain the above equations in dimensionless form
and
Substitutions such as → 0 , r → 0 r, σ → ( ω 1 )σ and → 0 are applied wherever necessary.
Results
In our numerical simulations, we use 23 Na and 87 Rb as species 1 and 2, respectively. Because we want to study the dependence of splitting dynamics on and 12 , we fix the following parameters. The harmonic trapping frequencies are fixed at ω 1 = (2π)31 Hz, ω 1 = (2π)27 Hz, ω In the following, we will discuss the splitting dynamics based on our numerical results.
In Fig. 1, we show the density distribution of each species in the = 0 plane for five different times = 0
T where T = 54 55 ( = 0 176). At initial time = 0, both species are localized in the left trap. The density profile shows a core structure of species 2 surrounded by a shell structure of species 1. This spatial configuration minimizes the total energy [1] . At a later time = T 4 , we can see that nothing significant has appeared. This is because the overlap of the two traps is still small and the tunnelling is negligible. At = T 2 , when the two traps completely overlap into a single trap, density distributions of both species exhibit complicated patterns. Although the two traps overlap, the two components do not. This is because the initially outside component tunnels to the neighboring well first, followed by the second component. And since there is repulsive interaction between them, the two components have not developed substantial overlap yet. At later times = 3T 4 and = T , even more complicated patterns appear which show the rich dynamics in the splitting process due to the intra-species interaction. Here we are assuming that, when tunnelling between the two traps is not negligible, the phase coherence of the condensates is well preserved due to the Bosonic enhancement [33] . To help visualize the population dynamics more clearly, we show the axial density as function of time in Fig. 2 . The axial density is obtained by integrating the density distribution along and axis. The whole dynamics can be divided into three stages. In the first stage ( 20) , both species behave as non-dispersive wave packets moving together with the trap. The slight change in the density profiles is due to the finite translating speed. In the second stage (20 35) , there are strong density oscillations between the two traps for both species. The non-negligible overlap of the two traps makes Josephson tunnelling an important process in this time range. We also note the different oscillation frequencies for species 1 and 2 because of the different trapping potentials. Finally, in the third stage, the two traps are separated again and the tunnelling is completely suppressed. The population of both species will eventually stabilize. The three stage picture can be more quantitatively seen from Fig. 3 where we show the right side population P R as function of time, where P R ( ) = +∞ 0
. The solid and dashed curves are for species 1 and 2, respectively. Again, we can clearly see population oscillations of both species driven by Josephson tunnelling. We also note that species 1 tunnels earlier than species 2 due to the fact that species 2 is enclosed by species 1. From Figs. 2 and 3, we can see that, at the final time, the populations for both species are redistributed in the two moving traps, exactly realizing a dual species atomic beam splitter. We now investigate the performance of our dual species beam splitter with typical physical parameters. To this end, we will present our results of P R (T ) as function of and 12 , respectively. In Fig. 4 , we show the numerical results of P R (T ) as function of for fixed 12 = 70 B . We can see that the overall behavior of the curves exhibits oscillation patterns similar to those in the single-species case [32] . However, there are two distinct differences. The first one is that the oscillation patterns are less regular than the single species case. The second and the more important one is that, for smaller , the populations do not approach 0.5 as quickly as in the single species case. In the single species case, the condensate first forms solitons which quickly decay into vortex rings. The vortex rings then cause complicated flow patterns which act as a damping force to motion of the condensate. As a result, an interacting single-species condensate always shows equal splitting towards small [32] . However, in the two species case, such a damping to the condensate motion is much less obvious. We interpret this as follows. One species (say species 2) can exert a time dependent mean field potential on the other species (say species 1) in addition to the trapping potential. We can define the effective potential experienced by species 1 as V = V 1 + 12 N 2 |ψ 2 | 2 which can only be determined self consistently from the coupled GPEs. Such an effective potential caused by intra-species interaction changes the tunnelling dynamics significantly. In the bottom row of Fig. 1 , we have shown the effective potential experienced by species 1 as function of for different times. This clearly demonstrates the enhancement to tunnelling dynamics. To explore the effect due to inter-species interaction, we show the numerical results of P R (T ) as function of 12 for fixed = 0 167 in Fig. 5 . We can see that, for species 1 and 2, the overall trend of the two curves is out of phase. This is due to the fact that the two species begin tunnelling at different times and the inter-species interaction is repulsive. We find that, even for large 12 , P R (T ) does not show damped behavior towards 0.5. This is another evidence of the enhanced tunnelling dynamics due to the effective potential. For negative scattering lengths, the condensate is inherently unstable. For a single-species condensate, if the negative scattering length is below a critical value, the ground state is shown to be unstable against collapse [34] [35] [36] [37] . An attractive interaction is expected to be an adverse factor for beam splitters because the negative intra-species interaction may induce collapse of condensate during the splitting. That is to say, we discuss the dynamic instability in the splitting process. Similar studies have been done for −wave solitons [38] and dipolar condensates [39] . Here we have observed similar effects in our numerical simulations for a negative inter-species scattering length. The onset of the condensate collapse is indicated by a diverged P R as shown in Fig. 6 . We emphasize here that, although the three-body loss term is import during the collapse, we are only interested in the onset of this process. In a more complete study, such a loss term should be included in the simulation. We also find that, for small enough negative scattering lengths, we do not observe collapse for typical times T . Whether a negative inter-species scattering length can trigger the collapse or not may depend on other system parameters such as T and atom number. Since the collapse is not the main aim of the current paper, we do not investigate this point in more detail. 
Concluding remarks
Our approach is based on GPE and is incapable of dealing with the loss of coherence during the splitting. In Fig. 1 , we can see that the splitting produces excitations which may diminish the condensate fraction. To analyze the condensate fraction, one needs the so-called c-field approach [40] [41] [42] . Such an analysis is helpful to evaluate the performance of atomic beam splitters. However, it is beyond the scope of current paper and thus will not be discussed here. To conclude, we have discussed the splitting dynamics of a two-species condensate in two translating traps. We find that the splitting is not 50:50 towards small translation speed for both species. We interpret this as a result of the effective potential caused by the mean field inter-species interaction. Such a picture is valid for both positive and moderate negative inter-species scattering lengths. From our numerical results, it turns out that the two-species condensate beam splitter is less controllable than the single species case. The performance of our dual species atomic beam splitter is supported by exploring realistic physical parameters. We hope our study can be helpful to ongoing atomic optics experiments.
